Aiming at modelling tree mechanics, viscoelastic properties of green wood along fibres was investigated through a sequence of creep tests in the temperature range of 308C-708C. The apparent validity of time-temperature equivalency was questioned by discrepancies evidenced in the approximated complex plane (ACP). This paradox was solved by assuming that the temperature not only accelerates the viscoelastic processes but also slightly increases their intensity. This softening effect of the temperature on the compliance was described by a 2nd degree polynomial. Time-temperature dependency fitted very well to the Arrhenius law up to 608C. Based on the ACP, the power law was proposed for modelling creep behaviour in green wood. The method was successfully used for all specimens investigated.
Introduction
In mechanical analysis of stress accumulation and shape regulation in growing trees, the viscoelastic nature of wood tissues is often neglected (Wilson and Archer 1979; Fournier et al. 1994) . Rheological parameters are not taken into consideration for viscoelastic calculations (Gril and Fournier 1993) , partly because experimental data are not available. Therefore, a significant bias may be introduced in long-term predictions. Previous works on the rheology of green wood, i.e., wood that was never dried under the fibre saturation point, focused on the behaviour of wood across the grain (Bardet 2001; Placet et al. 2007) , which is of little relevance for modelling of tree mechanics where properties along the fibres are predominant.
For long-term predictions, accelerated experimental methods have to be used. One of them, used for static testing, is based on time-temperature equivalency stating that increasing the temperature is equivalent to stretching the real-time of the creep response. Based on a sequence of short-term creep tests performed at increasing temperature levels, corresponding compliance curves are shifted along the log time axis to generate a creep master curve characteristic of long-term behaviour of a given material.
Viscous properties of wood are determined based on the behaviour of the amorphous matrix made up of lignin and a variety of hemicelluloses. In the water-saturated state, such as under green conditions, hemicelluloses are already ''soft'' at room temperature. Thus, further softening of wood tissues, which occurs for quasi-static loading or at low frequencies nearby 708C, was ascribed to the glass transition of lignin (Kelley et al. 1987) . Thermal activation of secondary relaxations occurring below the glass transition temperature is usually described by Arrhenius law, where the characteristic time t of the viscoelastic process is related to the absolute temperature T through an apparent activation energy W.
Salmé n (1984) reported the applicability of the timetemperature equivalency in wood for temperatures above the glass transition of lignin. This author has also confirmed the validity of the Arrhenius law. Many other authors predicted the long-term behaviour of wood in the hygroscopic region based on this concept (Le Govic et al. 1987; Genevaux 1989) . However, these considerations relied mostly on visual assessment of the smoothness of the master curve. While investigating the experimental data in the Cole-Cole plot (McCrum et al. 1967) , Bardet (2001) reported on some discrepancy of the time-temperature equivalency as described by the Arrhenius law. Placet et al. (2007) found that time-temperature equivalency could not be applied to the whole viscoelastic range but seems to be valid within each transition state.
In amorphous polymers, such as rubber, an effect of temperature on stress of pre-deformed specimen, usually called entropic (or rubber) elasticity, has been demonstrated. This effect can be accounted for multiplying the compliance by a correction factor proportional to the temperature. In particular in regions where the viscoelastic function is flat, the need of this factor is more important to obtain satisfactory matching of creep curves (Ferry 1980) . In the case of wood, the applicability of such a correction is not straightforward because of its complex structure (Salmé n 1984). Values of basic density and elastic modulus are issued from our measurements on a larger selection of studied species. Elastic modulus was estimated by the vibration method at 12% moisture content.
The aim of the present work was to check the validity of the above-mentioned principles for wood and identify a generic rheological model applicable to wood specimens of different species, densities, nature and anatomical feature. According to the considered applications for tree mechanics, the focus was on viscoelastic properties of green wood along the fibres. With this goal in mind, tensile creep tests in longitudinal direction were performed in the temperature range of 308C-708C.
Material and methods

Wood material and creep equipment
Wood of five tropical species (see Table 1 ) was selected for their contrasted density and anatomical features. Tensile specimens were cut along the fibre direction (100=6=2 mm 3 ; L, T, R). Both ends were provided by heads glued on the specimen with MDI glue for green wood. Sphere-groove like joints were used to ensure pure axial loading and additional clamps to improve the transmission of axial loads between the heads and the core of the specimen (see Figure 1) . Altogether, 12 specimens were tested.
Isotherm creep tests were carried out on a tensile test device (Hunt and Darlington 1978) modified for testing green wood by immersing the specimen in a water bath accurately controlled in temperature ("0.18C). Considering thermal expansion ratio of -7.10 -6 8C -1 in the tangential direction evaluated for green wood from a previous study , thermal dilation may induce the underestimation of the compliance by approximately 0.04%, which is negligible compared to effects discussed later. The deformation along the grain was measured by a pair of strain gages. Three-wire gages were used to avoid changes in the lead wire electrical resistance with fluctuations of the room and bath temperature. Moreover, silicon coating was applied to limit disturbances of the gage output due to water currents and reduce the risk of gage detachment. During storage, sample preparation and testing, specimens were kept in wet conditions and if possible at low temperature.
Experimental procedure
Each specimen was submitted to stabilisation-creep-recovery cycles performed at isotherms between 308C and 608C, as illustrated in Figure 2 . Prior to the loading, the specimen was stabilised during 15 h at a corresponding temperature. Afterwards, a constant load was applied during 8 h, followed by a short recovery period and heating to the following temperature taking together approximately 1 h. Thus, one isotherm took 24 h and the whole procedure hold in 1 week. Preliminary tests showed that a temperature step of 108C gives an optimal overlapping of creep curve in the ACP plot.
Loading taking approximately 2 s, the point corresponding to the half-load was considered as a starting point of each test (t c s0) (Figure 3a) . Experimental values corresponding to t c -4 s were not included in the analysis because of the dispersion of strain values due to oscillations resulting from manual loading. Then, deformation at t c s4 s was used to determine the instantaneous compliance J i . Applied load corresponded to an instantaneous axial strain of approximately 500 mm m -1 , far below the elastic limit (i.e., loss in linearity) generally estimated around 1.5-2 mm m -1 . Frequency of data acquisition was of 10 Hz during the first 1000 s after the loading and reduced to 1 Hz afterwards. Data obtained by both gages were averaged and smoothed to reduce the noise effects on measurements.
Data analysis
Assuming direct applicability of time-temperature equivalency, master curves were tentatively built from experimental data using shifts along the log time axis. Then, the representation in complex plot (or Cole-Cole plot) was used for a deeper analysis of the data. This representation is generally used for dynamic tests. For static tests, an approximation of the storage J9 and loss compliances J0 has to be applied. According to Alfrey (1948) , it can be written as:
where t is the creep time. Alfrey's approximation is valid for small J0/J9 ratio and broad viscoelastic spectra, which is usually the case in wood and can be verified a posteriori on the complex plots.
This ''approximated complex plane'' (ACP) can be understood as a type of phase diagram giving the slope against the value, relative to the function J(log t). The assumption of time-temperature equivalency requires the alignment of individual creep curves into one continuous curve in the ACP, as this would ensure that not only the values of the J(log t) functions match, but also the slope. Moreover, rheological models applicable to wood are represented in the ACP by straight lines or circle portions so that the graphical representation of experimental data allows one to identify corresponding models (Huet 1988) . Thus, ACP is a very useful tool to decide on the mathematical form of the constitutive law without any preconceived concept about the physics of the studied phenomenon.
Results and discussion
Specificity of strain measurements and correction of obtained data
Some specimens exhibited a slight initial curvature before loading, which could be attributed to gradients of maturation strain release. Bending resulting from initial straightening makes difficult interpretation of strain values measured at very first moments after the loading: a relative difference up to 60% has been observed between strains measured on both sides of the specimen at 10 s after loading. If attributed to the 'straightening' of the specimen, it represents an initial bowing of the order of 1 mm. Similar problems were encountered during the measurements of the creep strain itself. In general, slight differences were observed between the measurements on both sides, but in one particular case a negative creep could be observed on one side and amplified positive creep on the other side of the specimen. This was resulting apparently from the gradient of wood properties along the specimen thickness. Hence, to obtain reliable values of developed strain, the use of two gages glued on both sides of the specimen is essential and only average values are significant.
During the stabilisation period prior to the loading cycle at a given temperature, the apparent strain is the result of different processes: recovery of preceding creep test, thermal stabilisation of the specimen (and the gages themselves), and hygrothermal recovery of locked-in strains that can occur at elevated temperatures . To measure the creep strain developed during the following test, the stabilisation period has to be long ''enough'' to neglect the strain due to other processes. Another (faster) way is to correct strains arising from these other mechanisms by extrapolating them, in log time scale, using the strain measurements during the stabilisation (Figure 3b) . Note that the drift often goes in the direction opposite to the creep strain so that no correction would lead to an apparent decrease of the creep rate and thus mislead data interpretation.
Building of the master curve using log time shifts
Creep curves for each specimen were plotted as compliance versus log test time and shifted along the x-axis to build a master curve. Creep test performed at T 0 s308C was taken as a reference and dimensionless shift factors, a T,T0 , were numerically adjusted. The assumption that temperature affects only the kinetics of the creep response requires that the resulting curve is smooth. Figure 4 shows a typical example of a master curve corresponding to experimental data obtained with Oxandra asbeckii specimen (O. asbeckii 2, see below). Although the first three creep curves (308C-508C) are quite well matched, overlapping of curves corresponding to the tests performed at higher temperatures is not complete. Nevertheless, log time shifts can be plotted against the reciprocal of temperature ( Figure 5 ). The linear correlation between both parameters supports the applicability of time-temperature equivalency described by the Arrhenius law:
T;T0 0 Activation energies derived from time shifts according to Eq. (4) are given in Table 2 .
Examination of experimental data in the complex plane
While plotting experimental data in the ACP, discontinuities between the curves can be clearly observed ( Figure  6 ). Individual creep curves are made up of linear segments with nearly the same slope but different J9-intercept for each of them so that final overlapping is poor. This obviously questions the assumption that only characteristic times are affected by temperature.
Let us assume that, similar to rubber, the amorphous matrix of wood cell walls exhibits an entropic elasticity (Ferry 1980 ) whose effect can empirically be seen as a slight temperature dependency of the compliance J, denoted here as J-T effect. Moreover, if we suppose that l (T) is a multiplicative factor accounting for this effect, the equation can be written as:
Such a temperature dependency of J will induce a homothetic transformation of creep curves in the ACP that could explain the observed discontinuities between individual creep curves.
Based on the assumption of the J-T effect, a two-step procedure was applied on the experimental data. First, the effect of temperature on the compliance was removed by performing a homothetic transformation of creep curves in the ACP. Multiplicative factors l (T) were adjusted to obtain a continuous curve, taking a test performed at 308C as reference. Resulting curve in the transformed ACP (i.e., J0 /l vs. J9 /l) was approximated by a 2nd degree polynomial to allow for variations in the slope; however, a linear approximation was sufficient (Figure 7) . l (T) factors used for the correction were plotted with respect to temperature increase (Figure 8 ). An increase of temperature resulted in values of l (T) )1, indicating some type of material softening. The relationship between both parameters in Figure 8 was essentially linear, however, 2nd degree polynomial was necessary for some specimens and was finally used for all the specimens.
Once the condition of continuity between curves in the ACP was satisfied, we applied the time-temperature equivalency. Data corrected for the J-T effect (J /l) were used to construct the master curve. Plot of log time shifts vs. 1/T again shows agreement with Arrhenius law to model thermal activation of green wood after correction ( Figure 5) . However, the slope of the regression line, proportional to the activation energy (denoted W J-Tq in Table  2 ) was very different: omitting the effect of temperature on the compliance resulted in larger apparent time-temperature shift factors imparting different kinetics of the creep response. Similar observation was made on polymethylmethacrylat (PMMA) by McCrum and Morris (1964) who stated temperature dependency of limiting modulus, analogical to our J 0 temperature dependency. Moreover, accounting for the J-T effect yields perfectly smooth master curve (Figure 9) . Thus, the assumption of temperature dependent compliance was included in the rheological model.
Identification of the rheological model
Based on the graphical representation of experimental data in the transformed ACP, close to a straight line, a ''parabolic Maxwell'' model (Huet 1988 ) was used to describe green wood creep. The behaviour of such an element is governed by a power law that can be written as:
here J(t;T) is the creep compliance, l the multiplicative factor accounting for thermal softening of the compliance, J 0 the initial compliance, t the doubling time, and k the kinetic parameter (Figure 7) .
We used the same k for all the creep tests of a given specimen. This implies that the straight lines corresponding to individual tests in the ACP have the same slope. It can be seen from Figure 7 that this assumption is rather well satisfied. On the contrary, parameters l and t are dependent on the temperature. Softening factor dependency on temperature is empirically modelled by a polynomial of the 2nd degree (Figure 8 ) and evolution of t is governed by the same Arrhenius law as Eq. (4): (6) (7) (8) x are directly identified on raw creep tests curves ( Figure 10 ) and are presented in Table  2 .
Model parameters comparison
For some specimens, the time-temperature shift factor for creep test performed at 708C was not consistent with the Arrhenius law. This was ascribed to the vicinity of glass transition temperature for lignin (Salmé n 1984) and corresponding creep curves were not used for further analysis. Also, for specimens used during preliminary tests at many temperatures (see column ''Extra T'' in Table 2 for details), only those carried out at ''standard'' temperatures (308C-408C-508C-608C) were used to enable comparison between specimens. However, note that including these data yields a negligible effect on the tuned parameter values for the rheological model. This confirmed the robustness of the proposed model. Table 2 summarises the rheological parameters obtained by the different methods developed previously. W 0 is the activation energy derived from time shift factors used for the construction of the master curve from raw experimental data (only t-T effect). Second value of activation energy, W J-Tq , is obtained from the data corrected by the softening factor l. The third set of data represents parameters of the rheological model governed by a power law with polynomial temperature dependency of the softening factor l and Arrhenius law accounting for the time-temperature equivalency wEqs. (6-8)x. Softening factor, l 60 gives the magnitude of the temperature effect on the compliance at 608C for comparison. Finally, the relevance of the model is assessed through the root mean square error (RMS error) between modelled and measured compliance values.
The activation energy describes the magnitude of timestretching effect of the temperature; higher values correspond to stronger temperature effect. From the comparison between W 0 and W J-Tq presented in Table 2 , it can be seen that including the J-T effect has reduced the apparent time-temperature effect. Consequently, corresponding master curves have different kinetics, as illustrated in Figure 9 . Except for one specimen (Virola michelii 2), values of activation energy are similar for all the specimens, the average being 545 kJ mol -1 for W 0 and 319 kJ mol -1 for W. Compared to bibliographic data deduced from the tand peak dependency on frequency, not affected by the presumed temperature effect on the compliance (tandsJ0/J9), the assumption of thermal softening seems to yield more consistent values of the activation energy (395 kJ mol -1 in Salmé n 1984; 339 kJ mol -1
in Kelley et al. 1987) . For the V. michelii 2 specimen, the raw value of the activation energy is consistent with others (W 0 s486 kJ mol -1 ) if we do not take into consideration the transgression of the time-temperature equivalency, i.e., discontinuity between creep curves observed in the ACP. However, once the time-temperature equivalency is applied based on the J-T effect, very poor thermal activation is observed (W J-Tq s66 kJ mol -1 ). Conversely, temperature effect on the compliance is larger than in other specimens (l 60 s1.1 against the average of 1.05).
The rheological model showed very good agreement between modelled and experimental values for the whole specimens, as illustrated in Figure 10 (see RMS in Table  2 ), in spite of contrasted values of J 0 resulting from the structural diversity of the studied samples. Values of the activation energy are very close to W J-Tq and are rather consistent between specimens (i.e., standard deviation as low as 15%). This is quite interesting as it gives some idea on the physical meaning of this factor: it should not be affected much by structural parameters but rather by the chemistry. On the other hand, the variability of the kinetic parameter k and doubling times t 0 , likely related to the structural diversity, was significant between specimens (around 30%). This opens perspectives on future work relying on the understanding of the physical meaning of the model parameters.
Conclusion
The time-temperature equivalency can be applied on green wood only if an additional temperature effect is considered concerning the compliance, similar to the case of entropic elasticity in rubber. The effect could be seen as some type of material softening with increasing temperature. This means that temperature affects not only the kinetics but also the intensity of viscoelastic processes. The rheological model governed by a power law accounting for this effect has shown its relevance. The delayed behaviour of the tropical species investigated is proof of this. The link between the model parameters and the structural features of wood material is still not clear. The entropic elasticity and the way to model it in wood must be investigated further.
